During the Spacelab 2 mission the University of Iowa's Plasma Diagnostics Package (PDP) explored the plasma environment around the shuttle. Wideband spectrograms of plasma waves were obtained from the PDP at frequencies of 0-30 kHz and at distances up to 400 m from the shuttle. Strong low-frequency (below 10 kHz) electric field noise was observed in the wideband data during two periods in which an electron beam was ejected from the shuttle. This noise shows clear evidence of interference patterns caused by the finite (3.89 m) antenna length. The low-frequency noise was the most dominant type of noise produced by the ejected electron beam. Analysis of antenna interference patterns generated by these waves permits a determination of the wavelength, the direction of propagation, and the location of the source region. The observed waves have a linear dispersion relation very similar to that of ion acoustic waves. The waves are believed to be oblique ion acoustic or high-order ion cyclotron waves generated by a current of ambient electrons returning to the shuttle in response to the ejected electron beam. This paper presents a detailed analysis of so-called "fingerprint" patterns in the electrostatic wave spectra from the wideband receiver, which is part of the PDP plasma wave instrument. In this paper we concentrate exclusively on spin-modulated fingerprint patterns that were associated with electron beam firings. Fingerprint patterns are well known in space plasma physics. They are caused by electrostatic waves with wavelengths short compared to the antenna length [Ternerin, 1979; Fuselier and Gurnett, 1984; Gallagher, 1985] . A theoretical review of antenna interference effects is presented in section 2. The observations are 17,005
INTRODUCTION
During the Spacelab 2 flight, a spacecraft called the Plasma Diagnostics Package (PDP) was released from the space shuttle to investigate phenomena associated with the passage of a large vehicle through the ionosphere and the injection of electron beams into the ambient ionosphere. The PDP provided observations in free flight out to a distance of about 400 m from the space shuttle. A Langmuir probe, an ion mass spectrometer, a hot plasma analyzer, a differential ion flux probe, and a plasma wave receiver were among the instruments on board the PDP. For a description of this instrumentation the reader is referred to Shawhan [1982] . The PDP was designed and constructed at the University of Iowa and was a reflight of the spacecraft previously flown on the STS 3 flight [Shawhan et al., 1984] .
Spacelab 2 was launched into a nearly circular lowinclination orbit with a nominal altitude of about 325 km and an inclination of 49.5 ø. The PDP was in free flight around the shuttle from 0010 to 0620 UT on August 1, 1985. During this roughly 6-hour interval the shuttle performed two complete fly-arounds of the PDP. These fly-arounds provided measurements both upstream and downstream from the shuttle, and along the magnetic field lines threading the shuttle. In addition to the fly-arounds, a series of wake transits were performed to survey the wake region directly downstream from the shuttle. Among the various investigations performed was a study of the effects produced by a 1-keV electron beam ejected from the shuttle, the so-called Fast Pulse Electron Generator (FPEG) experiment [Shawhan, 1982] . The electron beam was operated during two magnetic conjunctions between the shuttle and the PDP (0330-0337 and 0411-0418 UT), and also at other times (0046-0050, 0119-0123, and 0247-0250 UT) when the PDP was not magnetically connected to the shuttle. The FPEG generated [1986, 1988] and Farrell et al. [1988] reported on funnel-shaped whistler mode radiation from electron beams during the 0330-0337 UT magnetic conjunction. Reeves et al. [1988, 1990] reported on broadband very low frequency (VLF) electromagnetic wave emissions from both the DC and pulsed modes of operation, as well as narrowband emissions observed during the pulsed beam conjunctions. Frank et al. [1989] showed measurements of hot electrons returning from the direction of propagation of the beam during the 0411-0417 UT magnetic conjunction. Large intensifications of broadband waves, especially at very low frequencies, were also observed in association with these returning electrons. All of the above papers concentrated on data from FPEG firings during the two magnetic conjunction events at 0330-0337 UT and 0411-0418 UT. This paper presents a detailed analysis of so-called "fingerprint" patterns in the electrostatic wave spectra from the wideband receiver, which is part of the PDP plasma wave instrument. In this paper we concentrate exclusively on spin-modulated fingerprint patterns that were associated with electron beam firings. Fingerprint patterns are well known in space plasma physics. They are caused by electrostatic waves with wavelengths short compared to the antenna length [Ternerin, 1979; Fuselier and Gurnett, 1984; Gallagher, 1985] . A theoretical review of antenna interference effects is presented in section 2. The observations are presented in section 3. Methods for determining the wave frequency, the propagation directions, and the dispersion relation from these interference patterns are described in section 4. It is concluded that the low-frequency electrostatic waves are most likely obliquely propagating ion acoustic or high-order ion cyclotron waves. In section 5 the source location of these waves and the wave vector distribution required for formation of an antenna interference pattern are discussed. The results from a linear growth rate analysis of ion acoustic-like instabilities are presented in section 6.
ANTENNA INTERFERENCE EFFECTS
Interference patterns can be used to determine the wavelength, the direction of propagation, the Doppler shift, and the rest frame frequency of short-wavelength waves. An example of an interference pattern observed in the PDP data is shown in Figure 1 . Figure 1 shows a frequency-time spectrum obtained over a 13-s interval (0046:50-0047:03 UT) on August 1, 1985. The "fingerprint" pattern caused by the rotation of the antenna in the wave field is clearly evident.
To help understand these interference effects, it is useful to review the response of an electric dipole antenna to an electrostatic wave. The following is a development similar to the theory introduced by Ternerin [1979] and Gallagher [1985] . The coordinate system used for this study is the local vertical/local horizontal (LVLH) reference system commonly used in the analysis of data from the space shuttle. The Z axis in this reference system lies along the geocentric radius vector to the spacecraft and is positive toward the center of the Earth. The X axis lies in the orbital plane and is positive in the direction of spacecraft motion. The Y axis is normal to the orbital plane and completes the right-handed orthogonal coordinate system. The geometry of this coordinate system is illustrated in Figure 2 . The potential A• of an electrostatic wave between two points in space separated by a vector dr is given by
where E is the electric field. During the free flight the spin axis of the PDP is oriented perpendicular to the orbital plane. To analyze the dispersion relation of the waves, it is useful to compute the frequency in the rest frame of the plasma. The rest frame frequency can be obtained by subtracting the Doppler shift from the frequency measured in the spacecraft frame of reference. The relevant equation is w' = wo -k. Vsc,
where w' is the frequency measured in the spacecraft frame of reference, w 0 is the frequency in the plasma rest frame, and V sc is the velocity of the spacecraft relative to the plasma. Since the spacecraft velocity vector is directed along the X axis, this equation simplifies to w' = w o -kxVsc = Wo-kxzVsc cos a k0, During the 0330-0337 UT event the electron gun fired in the DC mode. No interference patterns were observed in the 0-to 10-kHz range, although strong electric field signals associated with the electron beam are present during this period. Since the electron gun operated over a long interval, --•7 min, many 0-to 10-kHz magnetic field spectra were obtained. By comparing the magnetic field wideband data with the electric field data, it is clear that the electric signals are caused by electromagnetic waves. During the 0047-0049 UT and 0120-0122 UT events the electron gun was being operated in the ELF1 mode, in which the electron gun was modulated at various frequencies from 9.54 Hz to 610 Hz. The electric and magnetic field spectrum during this period is dominated by signals that are generated by a beat between the electron gun pulsing and the repetition rate of wideband spectrum analysis. Apparently these signals are due to electromagnetic whistler mode noise. No interference patterns were observed during these periods. The electron gun also operated at several other times (0228-0236 UT and 0338-0400 UT) in the ELF1 mode and the VLF1 mode. While the PDP was on the upstream side of the shuttle, the electron gun was modulated in these modes at various frequencies in the VLF range. No interference patterns or intense electric field noise were observed in the magnetic field data during any of these time periods.
During the 0330-0337 UT and 0411-0418 UT events the PDP passed near the magnetic conjunction point with the shuttle. The magnetic conjunctions occurred at 0333 UT and 0411 UT, respectively. During the 0046-0047, 0119-0120, and 0248-0250 UT events the PDP was not magnetically connected to the shuttle. The perpendicular distances between the PDP and the magnetic conjunction field line were 93, 92, and 170 m, respectively. During the 0330-0337 UT event, when no interference patterns were observed, the PDP was on the upstream side of the shuttle most of the time. During the 0411-0418 UT event, when interference patterns were observed, the PDP was on the downstream side of the shuttle. Table 1 events, it is farther away from the shuttle than the observed source position. Our best explanation of the asymmetric distribution of wave normal directions is that the strongest waves are generated when the shuttle is closest to the magnetic field line through the source.
DISCUSSION
The FPEG events at 0119-0120, 0330-0337, and 0411-0418
UT have different characteristics than the 0046-0047 and 0248-0250 UT events. We do not observe a fingerprint pattern in the 0330-0337 UT event, although strong lowfrequency waves are visible in the Helios spectrum analyzer data. During this period the PDP was near magnetic conjunction (at 0334 UT) with the shuttle from downstream. The waves in the low-frequency range were also most likely electromagnetic, since they were observed in both the electric and magnetic wideband data. Figures 14b-14d ). The growth rate of ion cyclotron waves is smaller than the growth rate of ion acoustic waves after the latter are generated. In addition, the maximum growth rate of the ion acoustic waves occurs for propagation parallel to the magnetic field. However, for the wave numbers observed in the fingerprint patterns, the growth rates are slightly larger at highly oblique angles than at small angles relative to the magnetic field. By comparing the growth rate with the measured power spectrum, it follows that the electron drift speed must be around Vte, where the ion cyclotron modes are mixed with the ion acoustic mode at very large angles. This drift speed is consistent with the measurements and simulation done by Frank et al. [1989] . ing ion. cyclotron harmonic modes also encounters several problems. First, according to the linear theory, exciting the higher-order ion cyclotron harmonics modes (m > 10) requires a larger drift speed than for exciting the ion acoustic mode parallel to the magnetic field. After excited, the ion acoustic modes have larger growth rates than the ion cyclotron modes at very large angles to the magnetic field. Second, if the waves are pure ion cyclotron harmonics, then the group speed for each harmonic mode is near zero, which means that the waves are observed by the PDP at approximately the place they are generated. Both upstream and downstream waves should be observed by the PDP. However, the observation shows that the waves mostly propagate in one direction. In the 0046-0047 UT event it is clear that only downstream propagating electrostatic waves are presented in the wideband data. In the 0247-0250 UT event, although some evidence may suggest propagation in both directions, upstream waves should at least be more dominant than the downstream waves. Considering the idealized nature of the linear theory and the debatable assumptions of spatial homogeneity with a Maxwellian distribution for the return electrons, the inability of the linear theory to explain all aspects of the observations is not expected. Indeed, since the ion acoustic and ion cyclotron harmonic modes tend to have very similar dispersion relations and merge together for oblique propagation, it is very difficult to distinguish be-tween these two wave modes. They are commonly viewed as the same wave mode.
On the basis of our analyses we believe that the beamgenerated electrostatic waves detected by Spacelab 2 are highly oblique ion acoustic waves driven by return currents of ambient electrons. Accordingly, this work provides direct observational evidence that ion acoustic waves can be driven by injecting electron beams into a plasma, as has long been predicted on the basis of theory and simulations.
